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Abstract 


Polymer electrolytes have attracted considerable attention because of their 
potential applications in various electrochemical devices, especially high energy density 
battciics fhc piopcitics that make them atti active are the (a) easy processabilityl (b) film 
formability, (c) mechanical flexibility so as to give good contact with the battery 
clcctiodes even during charge discharge cycles, (d) light weight, etc A large variety of 
polymer hosts such as poly(ethylene oxide) (PEO), poly(propylene oxide) (PPO), 
poly( ethylene amine) (PEI), polyphosphazenes (MEEP), etc, have been employed to 
develop new' lomcally conducting polymer-salt complexes The basic feature for a 
polymei to be a host for metal salts is the concentration of polar groups present m it 
Although the conventional polymer hosts such as PEO, MEEP, etc , have basic sites, 
pioblems aiise either in the form of crystalline nature of the polymer (PEO) or the 
dimensional stability (MEEP) at ambient temperatures 

Thus in an attempt to prepare a new polymer electrolyte which is amorphous in 
nature and at the same time has a good dimensional stability and high concentration of 
basic sites, an organic polymer with cyclophosphazene pendant groups containing 
oligoethyleneoxy side-chains, poly(2-[(4'-vinyI-4-biphenylyl)oxy]-2,4,4,6,6-pentakis[2- 
(2-melhoxy ethoxy )ethoxy]cyclotriphosphazene) (PPMEE) was prepared and complexed 
with sodium iodide in various proportions Five compositions of the polymer-salt 
complex weic prepared and studied The polymer and its complexes were characterized 
using the various techniques available such as NMR, IR, XRD, Mass and impedance 
spectroscopy It was found that all the complexes were amorphous in nature and showed 
good conductivity values (e g. 3 4 x 10'^ Q"' cm’' at 47 “C), higher than that of analogous 
PEO complexes. The dielectric constant studies revealed the presence of interfacial 
polarization A new organic polymer with cyclophosphazene pendant groups containing 
branched oligoethyleneoxy side-chains, poly(2-[(4'-vinyl-biphenylyl)oxy]-2,4,4,6,6- 
pentakis[2,3-bis(2-(2-methoxy ethoxy)ethoxy)propoxy]cyclotriphosphazene) (PPOMEE) 
was also prepared and characterized using NMR and Mass techniques such as 'H NMR, 
2D COSY, Low temperature NMR, FAB-Mass etc This material was found to be a gel- 
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like solid and is expected to show very high conductivity values when complexed with 
metal salts 

Chapter 1 in this thesis gives a brief overview of the role played by polymer 
electiolytes in the field of solid state ionics. Theory of polymer electrolytes is also 
discussed Chapter 2 details the preparation of the polymers and their characterization 
using NMR, Mass and IR techniques Chapter 3 is devoted to the synthesis and 
characterization of the polymer electrolyte complexes. Finally Chapter 4 gives the 
conclusions and the future scope of the work 
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Chapter 1 


1.1 Introduction 

Over the past four decades the progress in technology has increased the demand 
for lightweight compact electrical power storage devices The power sources used at 
present hardly satisfy these requirements. As a result, considerable research effort has 
been directed towards the investigation of such materials, which can meet the present 
man’s comfort Of the various materials known solid electrolytes are turning out to be 
promising from the application point of view. 

1.2 Super Ionic Solids 

As early as 1830, Faraday observed charge transport by movement of ions in an 
electrolytic solution and put forward the Faraday’s laws of electrolysis However the 
interest m solid electrolytes did not bloom until Tubandt and Lorenz' observed that solid 
Agl had ionic conductivity comparable to those of the best conducting liquid electrolytes 



at temperatures higher than 400 °C. At the (3 to a transition in Agl the conductivity 
increased three orders of magnitude up to cr = 1.3 Q'' cm"' This investigation gave way to 
the birth of a class of electrolytes called superionic conductors or fast ion conductors 
or solid electrolytes 

Typically a supenonic solid has the following charactenstics^- 

(a) bonding involving the mobile species is ionic, 

(b) electrical conductivity is high (10'' to 10"* Q"' cm"'), 

(c) principal charge carriers are ions which means that t,„|, ~ 1 , 

(d) electronic conductivity is small, 4 ~ 10“' 

The highest conductivity at room temperature obtained so far is for RbAg 4 l (a = 0 27 Q ' 
cm') 

Solid electrolytes can be further classified depending on the nature of the 
materials as, 

(a) Crystalline ionic conductors 

(b) Amorphous solid electrolytes 

(c) Composite solid electrolytes 

(d) Polymeric solid electrolytes 

The disadvantages of the first three classes are, 

(a) They attain a high electrical conductivity only above particular 
temperatures, which are impracticable for many applications. 

(b) When used in solid state batteries, there is loss of contact between the 
electrodes and the electrolyte arising out of dimensional changes of 
electrodes during charge - discharge cycles^' 

These disadvantages have inspired the search of ionic solids that are flexible and show 
high conductivity at ambient temperatures These efforts have resulted in a new class of 
solid electrolytes known as polymeric electrolytes. 
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1.3 Polymer Electrolytes 

Peter Wright and coworkers^ were the first to report the ionic conductivity of a 
polymer - salt complex, poly(ethylene oxide) (PEO) with alkali metal salts. A few years 
later Armand suggested the use of poly(ethylene oxide) as a solid electrolyte system for 
the transport of lons^ Since then the interest in the field of polymeric electrolytes has 
been enonnously increasing with new types of polymenc systems involved in research 

Some of the important polymers that have been used m the studies of polymer 
solid electrolytes include - 

(a) poly( ethylene oxide) 

(b) poly(propylene oxide) 

(c) polysiloxanes 

(d) polyphosphazenes 

(e) polyacrylates 

(f) poly( vinyl pyrrolidine) 

(g) poly( ethylene succinate) 

(h) poly(vinyl alcohol) 

(i) poly(ethylene imine) 

(j) poly(alkylene sulphides) 

Polymers used as hosts in electrolyte systems can be mainly classified into two types' 

(a) Linear polymers 

(b) Comb-hke polymers 

(c) Network polymers 

1.3.1 Linear Polymers 

Linear polymers like PEO, poly(propylene oxide), etc , contain the donor 
atoms (basic groups) m the mam backbone. Of the polymer electrolytes investigated till 
now, PEO-electrolytes have received much attention. PEO is a semicrystallme material 
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with about 60 % of the bulk being crystalline at room temperature and the remainder 
being present as an amorphous elastomeric phase. Studies on this system have revealed 
that the properties of the polymer - salt complex appear to have very little variation with 
polymer molecular weight once a suitably high molecular weight has been achieved’. 
Hence one can conclude that the polymer motions relevant to ionic conductivity are not 
the gross backbone diffusion of the polymer backbone but rather the segmental motions, 
which are independent of molecular weight. Berthier and coworkers demonstrated that 
ion transport preferentially occurs in the amorphous phase of PEO-salt complexes®. Due 
to the presence of the crystalline domain PEO-electrolytes show low conductivity at room 
temperature’ There is also extensive literature on other linear polymers such as 
poly(propylene oxide)'“, poly(ethylene glycol)"’ poly(ethylene imine)", etc , 

1.3.2 Comb-like Polymers 

Since the ion transport in polymer electrolytes is due to short segmental 
motions in the polymer, interest started inclining towards the preparation of amorphous 
polymers with flexible backbones attached with short chain polar oligomers, which can 
foirn complexes with metal salts Allcock and coworkers first reported the synthesis and 
characterization of polyphosphazene based comb-like polymers They reported that the 
electrolytes derived from these polymers have conductivity higher upto three orders of 
magnitude than the corresponding PEO based electrolytes. In comb-like polymers the 
backbone of the polymer itself does not possess atoms of sufficient basicity to complex 
the metal ions. However, these polymers possess side chains, which contain the structural 
features to enable them to function as hosts in polymer electrolytes. Examples of such 
polymers include polyphosphazenes, polyacrylates, etc. The torsional mobility of 
polyphosphazenes is inherently much higher than that present in corresponding organic 
polymers'^. This backbone conformational flexibility of polyphosphazenes makes it a 
interesting host for ion transport. The disadvantage of polyphosphazenes is their poor 
dimensional stability and tendency to undergo viscous flow under pressure Apart from 
polyphosphazenes other comb like polymers used as hosts are polysiloxane, 
polyitaconate, etc , which contain short polyether side chains'^ ■ '®. Polymethacrylate 
comb-like polymers which have a less flexible backbone have also been studied'’ 
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1.3.3 Network Polymers 

Piactically, most polymers are inconvenient since they tend to flow at 
somewhat higher temperatures. Although cells and devices can be designed such that this 
problem is overcome but this is a serious drawback for potential commercial applications 
where long-term dimensional stability is required. Cheradame and coworkers’’ have 
reported an extensive series of network polymers, which have better mechanical 
properties than the linear analogues. These researchers attributed the superior 
conductivity of the network polymer over the linear polymer to the low degree of 
crosslmking or the flexible crosslinks employed. Due to such type of crosslinkmg the 
segmental motion of the polymer chains is not significantly reduced Although there is a 
slight reduction in conductivity, crosslinked siloxane and phosphazene comb polymer 
electrolytes are found to have good mechanical properties'^' Amorphous materials with 
high conductivity have also been prepared by radiation crosslmking PEO-salt complexes 
above their melting point"*. 

1.3.4 Formation of a polymer electrolyte 

The preparation of polymer electrolytes is brought about by dissolving the 
polymer and the metal salt separately m a common solvent such as methanol, ethanol, 
acetonitrile or THF followed by a slow removal of the solvent in vacuum The final step 
of preparation can be casting the electrolyte into a thin film or using m the bulk fomi 
Schlenk techniques or glove box methods have to be used during the whole operation in 
order to ensure the absence of moisture. The morphology and the ion transport properties 
of the electrolyte may vary with the choice of the solvent if the polymer-salt complex has 
partial crystalline nature^ The complex forming reaction can be given as, 

inMX + (-RY-)„ (MX),, (-RY-),, 
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where (- RY -) denotes the polymer repeat unit. The above reaction will be 
thermodynamically favourable only if the Gibb’s energy of solvation of the salt by the 
polymer is more than enough to overcome the lattice energy of the metal salt. 

Table l.l’ shows the tendency of various salts to form complexes with PEO 
Those that do not form have very high lattice energy values. 

Table 1.1 Salts that form complexes with PEO (ref 7) 


Cation/ 

Anion 

Lf 

Na" 

K" 

Rb" 

Cs" 

F- 

No 

No 

No 

No 

No 


1036 

923 

821 

785 

740 

cr 

Yes 

No 

No 

No 

No 


853 

786 

715 

689 

659 

Bf 

Yes 

Yes 

No 

No 

No 

1 

807 

747 

682 

660 

631 

r 

Yes 

Yes 

Yes 

Yes 

Yes 


757 

704 

644 

630 

604 

SCN- 

Yes 

Yes 

Yes 

Yes 

Yes 


807 

682 

619 

616 

568 

CF3S03- 

Yes 

Yes 

Yes 

Yes 

Yes 


725 

650 

605 

585 

550 


*The numbers reported are the lattice energy values of the salts in kJ/mol 

In addition to lattice energy considerations other criteria, which augment the 
possibility of forming complexes aref 

(a) High concentration of polar (basic) groups on the polymer chain 

(b) The cohesive energy of the polymer needs to be low and its flexibility 
should be quite high (glass transition temperature, Tg, should be low). This 
helps in the reorientation of the local coordination geometry to achieve 
effective solvation. 
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Most of the polymer electrolytes studied till now are based on oxygen containing 
monomers Some systems based on N containing monomers such as poly( ethylene imine) 
and S containing monomers such as poly(alkylene sulphides) have also been studied' 

1.4 Effect of composition on Conductivity 

Polymer electrolytes can be grouped into three main categories on the basis of the 
changes in conductivity due to change in concentration of the salt 

(a) Systems which exhibit no maximum or minimum but a monotonically 
increasing conductivity as the salt concentration in the complex increases 

(b) Systems which show a single maximum in the conductivity versus 
composition isothenns. 

(c) Systems that show a pair of maxima separated by a minimum 

A number of polymer salt systems show (a) type of behaviour. The data is presented by a 
plot of log cj vs log X and the slope in most cases is unity (e.g ,) PE0|(„„'LiC10j and in 
some cases such as PPO-NaB(C 6 H 5)4 greater than unity’’ A representative figme of 
this type IS given in Figure 1.1. 



Figure 1.1 log-log plots of ionic conductivity vs. salt concentration for PEO- 

NaB(C,H 5)4 (ref. 39) 
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log (T (S cm" 


In the second class the conductivity increases initially, attains a maximum value 
and then decreases as the salt concentration in the polymer increases’" ’ Figure 1.2 

O/Li 




Figure 1.2 log cr vs. Li / O ratio for 
for PP(II)-LiBF 4 (ref 38) 


Figure 1.3 log a as a function of 
salt concentration for 
PEO-LiCFjSOj (ref 64) 


shows this type of behaviour 

In the third category, the conductivity vs composition is conspicuous by the 
presence of a pair of maxima separated by a minimum It is also seen that m such 
materials the first maximum is less than the second one. Figure 1.3 shows a polymer 
electrolyte showing this type of behaviour. There are also other types of behaviour shown 
by various other polymer salt systems which have been studied^'’' 




1.5 Effect of temperature on conductivity 

In general, the electrical conductivity of solid electrolytes vanes with temperatuie 
according to the Anhenius equation. 


cr = CT„ exp 



(1 1 ) 


However, for most polymeric electrolytes the variation of conductivity with 
temperature follows the Vogel-Tamman-Fulcher (V-T-F) equation, 


a 





( 1 . 2 ) 


Thus a plot of [In {oT''' / A')] ' versus temperature (7) is found to be linear for polymeric 
electrolytes The pre-exponential factor A' is proportional to the carrier concentration 
Figure 1.4 shows this. Armand et al, were the first to conclude this after their studies on 
((PEO)„ (LiSCN)) and ((PEG)., (CsSCN))^ 



Figure 1.4 Linearization of conductivity plots for PEO-LiSCN and PEO-CsSCN 
showing the determination of V-T-F parameters (ref 6) 
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Thus generally speaking, the a vs. T behaviour of polymer-metal salt complexes 
may be described by any of the following types^^' 

(a) V-T-F behaviour throughout the temperature ranges available 

(b) An'henius behaviour at lower temperatures and V-T-F behaviour at higher 
temperatures. 

(c) Arrhenius behaviour Ihioughout, but with two different activation encigies, 
high E„ close to and a smaller E,, at higher temperatures 

(d) V-T-F behaviour in the temperature ranges slightly above 7^, but AiThenius 
behaviour at higher temperatures'*®. 

(e) Behaviour which is very unlike either An'henius or V-T-F at all temperatures 
Most polymer electrolytes are found to follow (a), (b) and / or (c) (PEO )4 5 (LiBr) has 
been found to follow (e) but no proper explanation has been given for such a type of 
behaviour 

The characteristic of most polymer electrolytes to follow V-T-F behaviour can be 
understood from the concept of the glassy state of a polymer. 

1.6 Glassy state 

The glassy state of a polymer is characterized by the changes, which occur during 
the cooling of the polymer at constant pressure As we cool a polymer from its melt 
viscosity increases When a viscosity of about 10'*’ poises is reached, the rate of 
intermolecular rearrangement becomes veiy slow compared to the time scale of cooling 
Then such a polymer is said to have attained a glassy state and the temperature at which 
this occurs is called glass transition temperature (7^), which is usually not well defined In 
the temperature range of glass transition, the properties of the melt change in a 
characteristic manner The process is illustrated in Figure 1.5. If, as in a crystalline 
polymer, crystallization occurs then at the melting temperature, there is a discontinuous 
change, nearly always a fall, m specific volume (Curve ABD). On the other hand, if the 
melt IS cooled and crystallization is prevented, there begins at point E the transition from 
a highly viscous supercooled melt to a rigid glass At point F the solidification process is 
complete and a glassy state is formed This is the case for a completely amoiphous 
polymer, for which T, is somewhat well defined. For partially crystalline polymers, the 
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change in specific volume with temperature follows the path ABE'T", i e , the piesence 
of both a melting transition at E” and a glass transition between E" and F". 


A 



Figure 1.5 Glass transition in polymers 


Since the glass transition temperature {T^ is marked by very rapid increase in 
viscosity of the pol3mier melt, the factors considering the polymer viscosity must be taken 
into consideration For this many empirical relations have been proposed and these have 
been extended to explain the conduction process in polymer electrolytes. 
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1.6.1 Free Volume Model 

Doolittle and coworkers'" gave a semi-enipiiical treatment relating viscosity (q) 
with volume (V) after studies on n-paraffins, 

( BV ^ 

?7 = Cexp ^ (13) 

where C is a constant, B also a constant derived from van der Waal’s equation and the 
theoretical volume of closest packing at 0 K, which was obtained by extrapolating the 
density data for n-paraffins at 0 K. Equation (1.3) was valid only at high temperatures and 
high volumes Doolittle defined free volume, Vp as, 

O'*) 

Where Vj is the volume of the liquid at any temperature, T. 

Cohen and Turnbull'*" derived an equation similar to that of Doolittle’s based on 
the molecular processes occurring by the movement of molecules into voids (formed by 
the redistribution of free volume). These voids have a size greater than a critical value 
The contribution of a molecule with a thermal velocity, ‘w’, to the diffusion coefficient is 
given by, 

D{v) = ga{v)u (15) 

Where ‘g’ is a geometric factor and a{V) is roughly the diameter of the cage This 
diffusion coefficient will be zero unless V exceeds a critical value P' and becomes just 
large enough to permit another molecule to jump in. So, 

cc 

D= lD{v)p{v)d{v) (1 6) 


Where p{ V) is the probability of observing the free volume, V The final expression for 
diffusion thus obtained is. 


D = ga*u exp 



( 17 ) 


Where is a Lagrange parameter, a constant close to unity, is near to the molecular 
volume and a* is roughly the molecular diameter. From the kinetic theory of gases, 
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Since the free volume is considered to be zero at a temperature T),, V, is defined slightly 
differently as, 

V,=aVjT-Tj-fiV^P (19) 


where a is the coefficient of thermal expansion, P the compressibility and and are 
the mean molecular volume for the temperature and pressure increment Substituting for 
V,- in equation (1.7), in the absence of pressure we get. 


D = ga* u exp 


-yV* 

aV,„{T-TJ_ 


( 1 . 10 ) 



(1 11 ) 


(1 12 ) 



(1 13) 


which IS the V-T-F equation with croc 

Although the free volume model is not suitable for discussion of ion transport (for 
reasons discussed in the forthcoming sections), it is the simplest way to understand the 
polymer segment mobility. According to this model, as temperature increases, the 
expansivity of the material produces local empty space, which can accommodate ionic 
carriers, solvated molecules or even in which polymer segments can themselves move^ 
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1.6.2 William-Landel-Ferry approach 

The free volume model applies well to liquids Several shortcomings of this 
model in the context of lomc motion polymer electrolytes have been pointed out For 
example, free volume model gives incorrect quantitative predictions on the pressure 
dependence of transport properties"'^ In the case of polymers it is not possible to measure 
viscosities at high volumes since degradation occurs before tlie relative free volume, 
{{V - )/V), reaches values above 0 25. 


The Williams-Landel-Feny (WLF) model"'"' not only concerns with the viscosity, 
but also with the relaxation processes which charactenze any glass forming material The 
relationship is given as, 



n{T) 

niTj 


= \oga, 


c, +(7’-rj 


(1 14) 


where C, and C, are universal constants, is an arbitrary reference temperature and a, is 
called the mechanical shift factor, a, represents the temperature variation of the segmental 
friction coefficient for any mechanical relaxation. If the WLF relation is coupled with the 
Stokes-Einstein relationship, 
kT 

D = -^ (1 15) 

6;T/7r, 


where D is the diffusion coefficient and r, is the radius, and the Nemst-Einstein 
relationship, equation (1.12), then one can wnte the temperature dependence of 
conductivity m the WLF form as, 


log 


<j{T) c,(r-rj 


(1 16 ) 


<7(TJ C,+{T-TJ 

The WLF relationship, equation (1 14) is in fact originally based on the empirical V-T-F 
form, equation (1 2), but written for the viscosity rather than for conductivity. Comparing 
equation (116) and the V-T-F equation, 

C: = T,-T, (1.17) 

and C,=BI k(T^-T,) (118) 

These values of C, and C, can be used to determine the mechanical shift factor, a, In 
their original paper, William, Landel and Ferry showed that if instead of T^, the glass 
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transition temperature, was substituted the following universal relation can be 
obtained, 


Inu, = 


-17 44(r-fJ 


(1 19) 


51.6 + (7’- 7^) 

which they claimed to be generally representative of the relaxation or viscosity behaviour 
of polymers and other glasses in the temperature range Tg<T<{Tg + 100) 


1.6.3 Configurational Entropy Model 

The prediction of WLF approach is often found to be invalid and large deviation 
from the values of C, and C, are observed for experimental results. Even more, the free 
volume cannot be associated with a real molecular volume in the case of polymers but 
has to be mteipreted m terms of inter-mtramolecular interactions as well as topology of 
molecular packing in the amoiphous phase These discrepancies in the above discussed 
theories led to the proposal of Configurational Entropy Model by Gibb’s and 
coworkers‘'^■‘'^ This model, based on considerations of entropy fluctuations rather than 
volume fluctuations, leads to transport properties in agreement with the empirical V-T-F 
equation (1.2) or WLF equation (1.16). It also predicts pressure dependences and 
provides a satisfying description of as the temperature at which the excess 
configurational entropy vanishes. According to Gibbs and DiMarzio, at the glass 
transition temperature, the molecular relaxation times are too long to pemnt 
establishment of equilibrium in the duration of even the slowest experiment. This 
sluggish relaxation behaviour governing Tg is due to very small number of configurations 
available to the system at that moment. They gave the transition probabilities for glass- 
fonning liquids in terms of the equilibrium distribution of an isothermal-isobaric 
ensemble of small systems of the size of a cooperatively rearranging region, which can 
undergo a transition to a new configuration without a simultaneous configurational 
change on and outside the boundary. 

Adams and Gibbs assumed the number of molecules in the cooperatively 
reaiTanging region to be ‘ 2 ’, out of which ‘n’ have an energy which allow a rearrangement 
and (A - n) have an energy that do not allow such a transition Then the isothermal- 
isobaric partition function for the ensemble is given by, 
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( 1 . 20 ) 


Aiz,P,T) = Sw(r, E, V) exp ^ exp 

kT kT 

where w is the degeneracy of the energy level, E and volume, Fof a subsystem. Summing 
over values of E and V that pennit transition, we get a partition function A'(z, P, 71 with a 
Gibb’s free energy, 

G’ = z/j' = -kT In A' (121) 

The fraction of subsystems that pennit rearrangement is given by, 


N A' 

— = — = exp- 
12 A 


G-G 


(1.22) 


where G = z ^ = -kT\n A, is the Gibb’s free energy for the whole system and ju and /./'are 
the chemical potentials of each molecule The cooperative transition probability W{T), is 
proportional to {n / N) Then by using the relation, 

zSju=z(fi'-fi) = G'-G (1.23) 


we get. 


W(T) = AqxP 


- zA/u 


(1.24) 


Summing up all non-zero values of W(T) we arrive at an average transition probability. 


W(T)* = EA (1-25) 

The summation of this truncated geometnc progression gives, 

W{T)* = p ^exp ^ (1 26) 

1 - exp(- A///ytr) L kT J 

where z* is the critical size of the cooperative regions that can undergo transition Since 
[1- exp (-A // / ^7^] tends to unity, it may be absorbed into the pre-exponential factor 


giving, 


PF(r)* = A*exp 


- z* A/J. 


(127) 


In the above equation the temperature dependence of z* needs to be determined This is 
determined as follows. 

ntropy of the supersystem is given by, 

(1.28) 
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If the supersystem consists of N subsystems then 5^ = N s^, where is the configurational 
entropy of a subsystem of ‘z’ monomer units If we consider the supersystem to contain 
Avogadro number (AJ of segments, then. 


s, =k\4w,r"'] 


(1 29) 

This equation shows that for a given temperature and pressure the configurational entropy 
of a subsystem increases monotonically with the size of the subsystem, z* Thus a critical 
configurational entropy which is characteristic of a representative cooperatively 
reairanging region can be given by. 


Comparing equations (1.29) and (1 30), we get, 
N ,s. * 


_ 


(1.30) 


(1 31) 


Inserting this relation in equation (1 27), 

'-AmSc * 


W(T)* = A*exp 


V y 


(1.32) 


At temperature, T, the entropy of a system going from glassy to liquid state is related to 
the specific heat of the system by the relation. 




(1.33) 


Where AC, = B I T, is the change in specific heat at temperature, T. 5 is a constant 


S^{T)=\[BlT-)dT = B 


\ J_ 

vT; Tj 


(1.34) 


C IS the glass transition temperature at which the configurational entropy tends to zero 
Substitution of this equation in equation (1 32) leads to the empirical V-T-F type of 
equation for the transition probability, 

'(-ejC 


W{T)* = A*Qxp\ 


T-T 


(1.35) 


where E„ = Ajus^Tg / B is the apparent activation energy for the polymer reamangement 
Ratner emphasized that the above equation describes the motion of the polymer host in 
the polymer - salt complex and not the lons^’. However since the jump frequency of the 
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ions IS proportional to the fluidity or transition probability, the above equation can be 
used in combination with the dynamic band percolation modefl'^ to obtain an 
empirical VTF like expression for the conductivity, 


a = A'T-''- 


exp 


i-EJk) 

T-T„ 


(136) 


where A' is a constant. 

In their review, Shriver and Ratner^ have pointed out the fact that the 
configurational entropy model is quasi-thermodynamic rather than microscopic, which 
remains a disadvantage in the sense that no microscopic mechanisms or equation-of- 
molion pictures arc available 


1.7 Characterization techniques for polymer electrolytes 

Many characteristics of these conducting solid phases formed by the dissociation 
of salts by ion coordinating macromolecules are still mysteries, eventhough considerable 
amount of information have been obtained for some systems. Various techniques such as 
X-Ray diffraction. Infrared & Nuclear Magnetic Resonance spectroscopies. Extended X- 
Ray Absorption Fine stmeture. Impedance analysis, etc., have been employed to study the 
structure and properties of these matenals The mam objective of these studies is to 
understand the structure and relate it to the behaviour particularly in tenns of ionic 
conductivity Most of the experiments have been carried out on PEO-metal salt 
complexes Other systems still need to be explored. 


1.7.1 X-Ray Diffraction (XRD) 

Single crystal XRD patterns of polymer electrolytes are generally very poor 
because of the difficulty of obtaining single crystals. However attempts have been made 
to elucidate structures of some PEO complexes, PE 04 .HgCl 2 '‘^ PEO NaP®, etc ,. Powder 
XRD has proved to be a better technique for resolving stmetures of polymer electrolytes 
for determining structures. Some of the information obtained on PEO-metal salt 
complexes is given in Table 1.2. Various information such as the polymer confonnation, 
coordination number of the cations, bond angles, bond distances, etc , can be extracted 
from the XRD data Phase changes can also be monitored from XRD patterns'’ 
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However for amorphous systems XRD patterns are of very little help except that the 
amoiphous nature of the material can be confirmed 


Table 1.2 Crystallographic parameters for some PEO-Metal salt complexes 


PEG-Metal Salt 

Space Group 

Cell Dimensions 

(a, b, c in A°, P in °) 

Reference 

(PEG )3 Nal 

P 2 ,/a 

a= 18.15; b = 7.98; 

c = 8.41; p= 122.3 

50 

(PE0)4 NH 4 SCN 

C 2 /c 

a = 25.512(3); b = 8.0813(1); 

c = 16.097(1), p= 125.98(1) 

51 

(PEGl^.KSCN 

C 2/c 

a = 25.663(2); b = 8 231(7); 

c= 15 801(1); p= 125.26(1) 

51 


1.7.2 Infrared Spectroscopy (IR) 

The Infrared (IR) studies on polymer-salt complexes generally give thi’ee types of 
information, 

(i) Polymer chain conformation 

(ii) Interactions of ions with the polymer 

(iii) lon-ion interactions. 

IR studies on PEO-based systems have led to various conclusions on the structure of 
these complexes. Davidson suggested a gauche conformation^' Shriver and coworkers 
coassigned a gauche configuration for the -O-CH 2 CH 2 -O- group by the assignment of 
bands in the 800 - 1000 cm'' region^’f Studies for the evidences on cation - polymer 
interaction have also been done The C-O-C stretch (1150 cm'') observed in PEG 
broadens and also moves to lower frequencies depending on the cation used for 
complexation IR studies on other polyether - based systems also show similar shifts 'f 
More recently, researchers have also been able to assign the various bands obtained for 
intramolecular modes and related those modes with the local structure and ionic 
interactions in PEG and other polymer-based systems"'*' 
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1.7.3 Nuclear Magnetic Resonance Spectroscopy (NMR) 

Solid State NMR studies have been extensively used to probe the structure and 
dynamics of polymer electrolytes These studies can be classified as follows, 

(i) Studies leading to determination of concentration of amoiphous phase 

(ii) Relaxation and linewidth studies 

(ill) Imaging 

(0 Studies leading to determination of concentration of amorphous phase : 

NMR allows distinguishing nuclei of the crystalline and the amorphous 
phase This is based on the determination of spm-spm relaxation time, Tj, which is 
measure of how fast a nuclear magnetization vector perpendicular to the external 
magnetic field will decay due to interactions between the spins. This decay time differs 
for nuclei in different environments due to fluctuating local magnetic fields at the nuclear 
site It has been shown for PEO-L 1 CF 3 SO 3 that by increasing the temperature, the 
crystalline phase progressively dissolves in the amorphous phase^®. The nuclei m the 
amorphous phase take a longer time to decay than nuclei in the crystalline phase. 

(11) Relaxation and Linewidth studies ' 

Because of the complex stmcture of polymer electrolytes the relaxation and 
linewidth studies are difficult to interpret in these cases. Qualitative conclusions have 
however been made. ’Ll NMR studies m (PEO)g L1CIO4 + x wt % y-LiAlO, lead to the 
conclusion that the local dynamics of the Li-ions is not changed by the addition of y- 
LiAlO, filler^“. The increase in conductivity observed with th6 addition of the filler may 
be caused by the stabilizing and increasing fraction of the amorphous phase. Recently 
ionic conduction mechanisms in polyphosphazene solids have been studied using '’’C, ^'P 
and '^N NMR spectroscopy^®. The extent of interaction of different cations and the 
bonding atoms in the polymer backbone have been identified 

(ill) Imaging 

The NMR imaging technique utilizes the fact that the position of a 
magnetic nucleus in a magnetic field gradient is encoded onto the NMR frequency By 
scanning various frequencies of a sample one, two and three-dimensional NMR images 
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can be obtained"’ Recently water absorption by polymer electrolytes has been studied by 
NMR imaging'’' 

1.7.4 Impedance Analysis 

Due to polarization at the electrode-electrolyte interface d c conductance cannot 
be measured from dc measurements. Therefore ac measurements are generally earned 
out in order to obtain the complex impedance from which dc conductivity is obtained. 
There are essentially two a.c methods, one in which the frequency of the a c signal is 
maintained at a constant value and a d.c. ramp is applied to the cell and the other in which 
impedance is measured as a function of the frequency of the applied signal over a wide 
frequency range The second method is of more interest for polymer electrolytes Ideally, 
there can be two types of polymer electrolytes, 

(i) in which only one ionic species is mobile 

(ii) in which both the cations and anions of a dissolved salt are mobile 

A typical a.c. experiment consists of determining the complex impedance of a cell as a 
function of the signal frequency and presenting the results in the form of a complex 
impedance plot In an a c. experiment a sinusoidal voltage is applied to the cell and the 
sinusoidal cuirent passing through the cell as a result of this perturbation is determined 
Two parameters are required to relate the current flowing to the applied potential. One is 
the opposition to the flow of charge, / 4, which is analogous to the resistance in d c 

measurements and other is the parameter, 9 , which is the phase difference between the 

voltage and the curi'ent. The combination these parameters give the impedance, Z, of the 
cell Thus for a sinusoidal a c signal given by, 

v{t) = V^tx^ijcot) ( 1 . 37 ) 

applied to a solid electrolyte, the resulting current is given by, 

i{t) = Qxp{ja>t + 6) (1.38) 

where and /„ are amplitudes of the applied voltage and the resulting cuirent 
respectively co is the frequency and y = V-l. The complex impedance will then be given 

by, 

Z* = Zexp(7<yO (1-39) 
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= Z cos 6 + /Z sin 6* 

(1 40) 

or 

Z* = Z'+ /Z" 

(141) 

Wllll 

z = (z'-+z"' y- 

(1 42) 


^ Z" 


and 

tan ^ = — 

Z' 

(143) 


The lesLilts of an a c experiment can also be presented in dielectric related tenns The 
dielectric constant or peiTnittivity, £*, is given by, 

s* = s'-js" (144) 

with (1 45) 

coC^Z 


and 


s -■ 


cosO 


coC,Z 

C„ IS the vacuum permittivity for the distance between the electrodes. 
Dielectric loss is defined by, 


(146) 


tan (5 = ■ 

which can be written in terms of the impedance as, 

Z' 


tan J : 


Z" 


(147) 


(148) 


Experimentally the impedance of a cell containing the solid polymer electrolyte 
and the electrodes is measured The interpretation of results of an a c. experiment relies 
on finding the equivalent circuit which models the impedance data and extracting values 
for the individual components which may then be related to the fundamental electrical 
properties of the cell. The resistors and capacitors are by far the most common 
components required for modelling electrochemical cells. While analyzing a given 
system the following combinations of resistors and capacitors are possible. 


Purely resistive 

A sinusoidal voltage applied across a resistor is always in phase with the current 
passing through it (6* = 0) and the magnitude of the impedance is simply given by the 
resistance 
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1 e , Z’ = R 


and 


Z" = 0 


The impedance is independent of frequency. Such a case is represented in the complex 
plane by a point at a distance, R along the real axis. This is shown in Figure 1.6(a) 


R 


T' 


r 

(a) 


2 " 


ICO 


IF 


2 ' 

(b) 


Figure 1.6 Representation of (a) resistor, R. and (b) capacitor, C, in the complex 

impedance plane (ref 62) 


Purely capacitive . 

For a purely capacitive system, the voltage lags behind the cument by 90° 
( 6 = -nil). The magnitude of the impedance is now frequency-dependent 
1 e., Z' = 0 and Z" = -\ I coC 

Thus high frequencies or large capacitances give rise to low impedances. We get a 
vertical line coincident with the imaginary axis in the complex impedance plot. This is 
represented in Figure 1.6(b). 

Resistor and capacitor m senes ' 

MTien the assembly of the electrodes and the electrolyte behave like a series 
combination of resistor and capacitor, the total impedance is given by, 

Z* = R — (1.49), 
coC 

which IS just the sum of the individual impedances of the components The real part is 
given by, Z' - R and the imaginary part by, Z" = -1 / coC. In the complex impedance 
plane this defines a vertical line displaced by a distance R along the real axis The 
complex impedance plot for this is shown in Figure 1.7(a) 
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(a) (b) 

Figure 1.7 Complex impedance plots for a combination of a resistor, R, and 
capacitor, C, (a) in series and (b) in parallel (ref 62) 


Resistor and capacitor in parallel . 

When the components are connected in parallel, the impedances are not directly 
additive Instead the complex admittances, IP = 1 / Z*, are directly additive. Thus total 
impedance. 


R{\Ijo)C) 

R^{\IjcoC) 


(1.50) 


R 


( 


77^ J 


-coCR- 


l + co-C^R- 
From the above equation the real part is, 

^ 

\ + o}-C-R- 

and the imaginary part is. 


\^(o-C^R- 


Z" = - 


coCR- 


\ + q)-C^R- 

Elimmating co from the above two equations, we get 


(151) 


(152) 


(1.53) 
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Z'-+Z"- =RZ' 


(154) 


or 


^ Z'-R 


+ Z"' 



(1 55) 


This defines a semicircle in the complex impedance plane with a diameter, R, extending 
along the real axis from the origin This situation is represented in Figure 1.7(b) 

These figuies are obtained only when non-blocking electrodes, i e , the case 
wherein the mobile species participate in the electrode reactions. When blocking 
electrodes, i.e., electrodes different from the constituents of the electrolyte, are used, 
additional interface capacitance due to polarization comes into play In such cases, apart 
from the semicircle, a straight line especially at lower frequencies is also obtained in the 
complex impedance plane Figure 1.8 shows such a situation wherein blocking electrodes 
are used 

In real cases of polymer electrolytes, multiple polarization (with a capacitance 
CMP) IS much effective due to surface layer formation at the electrodes, dielectric 
relaxation and lon-trapping, inhomogeneities in the polymer electrolyte and lon-ion 
interactions*’" So in the complex impedance plots one gets semicircles that are 
significantly broadened and depressed, i.e., the centre lies at a point lower than the real 
axis (as in Figure 1.9) However m those cases also the diameter is taken as a measure of 
the d c resistance of the electrolyte 
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Blocking electrodes 




Figure 1.8 Schematic representation of a polymer electrolyte/blocking 
electrode cell. R,, = electrolyte resistance, Q = electrolyte capacitance, = electrode 

capacitance (ref. 62) 


26 





1.8 Statement of the problem 

There is a growing demand for ionic conductors with more rigid specifications 
like higher conductivity at ambient temperatures, negligible change in conductivity with 
respect to temperature, low volume expansivity, etc.,. Several advantages of polymei 
electrolytes such as easy processability, mechanical flexibility, high conductivity, film 
formabihty, etc , make them a potential souice for applications wheie ionic conductois 
aic used Although PEO-metal salt complexes have reasonably high conductivities, then 
applications are limited to the fact that they have strong temperature dependent 
conductivities. This even applies to other polymer electrolytes such as polyphosphazene 
and polymethacrylate based comb like polymer electrolytes Inoue et al , reported the 
preparation of polymer electrolytes based on polystyrene derivatives with a pendant 
oligo(oxyethylene)cyclotriphosphazene side chain type comb-like polymers'’’ They 
envisaged that if the oxyethylene chains form a continuous conducting phase around the 
rigid backbone, carrier ions could move in the phase, irrespective of the rigidity of the 
backbone, and a high conductivity would be expected. 

The aim of this work is to prepare polymer electrolytes composed of polystyrene 
cairying pendant ohgo(oxyethylene)cyclotriphosphazenes and sodium iodide and 
chaiactenze them using the various techniques available. It is expected that the complex 
will be having linear and lesser temperature dependent conductivity It is also aimed to 
piepare a new polymer based on polystyrene caixying pendant branched 
ohgo(oxyethylene)cyclotriphosphazene, which could serve as a better polymer host in 
electrolytic applications. 
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Chapter 2 


Synthesis and Characterization of poly(2-[(4'-vinyl-4-biphenylyl)oxy]- 
2,4,4,6,6-pentakis [2-(2-methoxy ethoxy)ethoxy] cyclotriphosphazene) 
and poly(2-[(4'-vinyl-4-biphenylyl)oxy]-2, 4,4,6, 6-pentakis[2,3-bis(2-(2- 
methoxy ethoxy)ethoxy)propoxy]cyclotriphosphazene) 

The title polymers have been prepared using free radical polymerization 
technique The most commonly used methods for polymerization using free radicals are 
bulk polymerization and solution polymerization. In the bulk polymerization method, the 
monomer is polymerized by a free radical in the absence of a solvent while solution 
polymerization is earned out m a solvent The advantage of the latter technique is that the 
solvent helps in heat and mass transfer in the polymerization media The commonly used 
free radical initiators are azobisisobutyromtrile (AIBN), percarboxyhc acids and their 
esters, hydrogen peroxide, etc , Since atmosphere contains oxygen that has an affinity 
towards free radicals, it is a must that the free radical polymerization reactions should be 
carried out in inert atmosphere conditions. 

2.1 Measurements 

The precursors, monomers and the pol 3 miers prepared were characterized using 'H 
NMR, "P NMR, correlation spectroscopy (COSY) NMR, FT-IR and fast atom 
bombardment (FAB) and GC-MS mass spectroscopic techniques The various NMR 
spectra were recorded using a JEOL 400MHz NMR spectrophotometer. All the NMR 
spectra were recorded in CDClj solvent using tetramethyl silane (TMS) as internal 
reference and the chemical shifts are reported in ppm FT-IR spectra were recorded as 
film in CHjCU on Perkin-Elmer FT IR 1600 series model spectrophotometer FAB-Mass 
was recorded using JEOL SX 102/DA-6000 mass spectrophotometer using Xenon as the 
FAB gas GC-MS mass spectrum was recorded using Finnigan MD Family GC/MS Data 
system 



2.2 Materials used 

Hexachlorocyclotnphosphazene (Aldrich, USA) was recrystallized from hexane 
pi 101 lo use. 4-Hydroxybiphenyl (Loba Chemie, India), anhydrous aluminium chloride, 
anhydrous zinc chloride, sodium borohydnde, formic acid, sodium hydroxide, 
liydrochlonc acid, anhydrous magnesium sulphate, anhydrous potassium carbonate (S D 
Fine chemicals, India), tnchloro acetic acid (Nice chemicals, India), 2-(2-methoxy 
ethoxy) ethanol, p-toluenesulphonyl chloride (Lancaster, UK), /-butyl glycidyl ether 
(Aldrich, USA), tetrafluoroboric acid(54% solution in diethyl ether) (Fluka, Switzerland) 
were used without any further purification The organic solvents were distilled and dried 
with appropriate drying agents according to standard literature procedures'’\ The initiator 
azoisobutyronitnle (AIBN) was recrystallized from methanol and vacuum dried before 
use Sodium hydride (Spetrochem, India) was purified with dry hexane 

2.3 Synthesis of 2-(4'-vinyl-4-biphenyIyloxy)pentachlorocycIotriphosphazene 
(CPHVB) 

The synthesis of CPHVB was carried out as reported previously*'’ The 
preparative details of the various components involved en route to CPHVB are given 
below 

2.3.1 Preparation of 4-acetoxy-4'-acetyl biphenyl (AAB) 

4-hydroxy biphenyl (80. Og, 0 47 mol) was added as solid in portions (~5 Og each) 
to an ice-cold solution of acetyl chloride (llO.Og, 1.40 mol) and anhydrous AlCl, 
(160 Og, 1 20 mol) in 500 mL of dichloromethane with stirring over a period of thirty 
minutes The reaction mixture was stirred further for three hours at room temperature and 
poured into ice water. The methylene chloride solution was separated, washed with water 
and dried over anhydrous sodium sulphate. The solvent was removed by rotary 
evaporation to give a solid residue that was recrystallized from methanol to give AAB 
(1 lO.Og, 96.7% yield, m.p. 124X) 

'H NMR (CDCI 3 ) . 5 2 25 (3H, s, -OCOCH 3 ); 2.55 (3H, s, -COCH 3 ); 

6.9 - 7.8 ( 8 H, m, aromatic). 
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2.3.2 Preparation of 4-hydroxy-4'-hydroxyethyl biphenyl (HEB) 

To a stirred solution of AAB (20.0g, 0.08 mol) in methanol (300 mL), a solution 
ot sodium borohydride (3.0g, 0.08 mol) in methanol (100 mL) was added dropwise over a 
period ol 30 minutes The resulting mixture was stirred at room temperature for 2 hours 
Most of the methanol was removed from the reaction mixture to yield an oil, to which 
300 mL of ethyl acetate was added The ethyl acetate solution was washed with dilute 
HCl (3 X 300 mL) and water (3 x 300 mL) and dned over anhydrous sodium sulphate 
The ethyl acetate was then removed by rotary evaporation to obtain a solid residue, which 
was iccryslalli/cd from ethyl acetate to give pure HEB (16.0g, 98% yield, m.p 145"C) 

'H NMR (CDCl,)- S 1 5 (3H, d, -CHj); 4.9 (IH, q, -CH<), 

6.8 - 7.6 (8H, m, aromatic). 

2.3.3 Preparation of 4-hydroxy-4'-vinyl biphenyl (HVB) 

A mixture of HEB (20 Og, 0 09 mol) and anhydrous zinc chloride (4 Og, 0 09 mol) 
in 150 mL of DMSO was heated to 180 °C for 20 minutes in a 3 necked round-bottomed 
flask To this mixture, tnchloro acetic acid (4.0g, 0.09 mol) was added in portions of 2 Og 
each and kept at the same temperature for an additional 3 hours along with stiming The 
resulting reaction mixture was allowed to cool to room temperature and poured into 2 
litres of water. The resulting precipitate was filtered, washed repeatedly with water and 
was dried at room temperature It was then dissolved in 200 mL of acetone and extracted 
with hexane The combined hexane extracts were evaporated to give a semi-crystal line 
solid Recrystallization of this solid from benzene at room temperature afforded pure 
HVB (12 Og, 60% yield, m.p. 192“C). 

'H NMR (CDCI3) : 5 5 1 - 6 6 (3H, -CH=CH,); 6.8 - 7 5 (8H, aromatic) 
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2.3.4 Preparation of 2-(4'-vinyi-4-biphenylyloxy)pentachlorocyclotriphosphazene 
(CPHVB) 

To a stirred solution of hexachlorocyclotnphosphazene (N,P,C1(„ 10 6g, 0 03 mol) 
in 1 00 mL of dry benzene, a solution of HVB (6.0g, 0 04mol) and tnethylamine (4 0 mL, 
0 04 mol) in 100 ml of dry benzene was added dropwise for 30 minutes at room 
temperature The resulting mixture was stirred for an additional 4 hours at room 
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tempeiature The amine hydrochloride formed in the reaction was removed by filtration. 
The solvent benzene was stripped off from the filtrate under reduced pressure to give a 
colourless oil. CPHVB was separated from the unreacted N,P,Cl 6 by subjecting the oil to 
column chromatography (silica gel, 60 - 120 mesh) using hexane as the eluent The 
CPHVB thus obtained was recrystallized from hexane to get pure CPHVB (40% yield, 
mp 112‘’C) 

'H NMR (CDClj)- 6 5.28(dd, =CH,); 5.75(dd, =CH 2 ); 6.78(dd, -CH=); 7 2 - 
7 68 (m, aromatic) 

’''P NMR (CDCI 3 ) 6 20.8 (d, P(Cl)(OR)); 10.6 (t, PCI,). 

The pieparation of CPHVB is outlined in Scheme 1. 

2.4 Synthesis of poly(2-[(4'-vinyl-4-biphenylyl)oxy]-2,4,4,6,6-pentakis[(2-methoxy 
ethoxy] cyclotriphosphazene) (PPMEE) 

The polymer, PPMEE, was prepared by a method reported by 

Inoue e/.a/./’. 

2.4.1 Synthesis of 2-[(4'-vinyl-4-biphenyIyl)oxy]-2,4,4,6,6-pentakis[(2-methoxy 
ethoxy)ethoxy]cycIotriphosphazene (PMEE) 

2.4. 1.1 Preparation of the sodium salt of 2-(2-methoxy ethoxy)ethanol 

To a suspension of NaH (0 57g, 0.023mol) in dry THE (50 mL), a solution of 2 - 
(2-methoxy ethoxy)ethanol (2.85g, 0.023mol) m lOOmL of dry THE was added dropwise 
for a period of thirty minutes. The resulting mixture was stirred until no hydrogen 
evolved from the reaction flask 

2.4. 1.2 Preparation of PMEE 

To the solution of the sodium salt of 2-(2-methoxy ethoxy) ethanol m dry THE 
prepared as above, CPHVB (2.0g, 3.94 mmol) in lOOmL of dry THE was added dropwise 
with continuous stimng After the addition was over the reaction mixture was heated 
under reflux for 24 hours in dry nitrogen atmosphere. The reaction mixture was then 
cooled to room temperature and the NaCl formed filtered off using a sintered funnel The 
filtrate was subjected to rotary evaporation to yield a brown oil. This oil was subjected to 
column chi-omatography (silica gel, 100 - 200 mesh) with a mixture of hexane and 
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ethylacetate as the eluent Using thm-layer chromatography, fractions containing pure 
PMEE were identified and were evaporated under reduced pressure to yield pure PMEE 
'll NMR (CDCl,) 8 3 3 1 4 21(m, 55H, -OCH,CH,-OCH_,CH,-OCH,) 

5 27 (d, IH, =CH2); 5.78 (d, IH, =CH,), 6 75 (dd, IH, -CH=). 

6.97 - 7.53(m, 8H, aromatic). 

’'P NMR (CDCl,). 6 14.4 (t, P(OR)(Obiphen)); 17.6 (d, P(OR)(OR)) 

FAB-Mass: (m/z) 926 (M'^) 

2.4.2 Polymerization of PMEE 

A solution of the monomer (5.0g, 0 75mol/L) in 7.2mL of dichloroethane and 
AIBN (0 0453g, 2 4mmol/L) was bubbled with argon gas for thirty minutes and then 
heated at 70“ to 80 °C for 24 hours in dry argon atmosphere under constant stimng. The 
reaction flask was then cooled and the solution was poured into large quantities of 
hexane The polymer was thrown out in this process. The polymer thus obtained was 
dissolved in a minimum amount of THF and again poured into large quantities of hexane 
This procedure was repeated several times until the hexane solution was colorless The 
pui’e polymer was obtained by completely removing the solvent under reduced pressure 
The polymer obtained was a highly viscous light yellow coloured liquid. 

‘H NMR (CDCl,)- 6 3 24 - 4 16 (m, -OCHj-), 7.24 - 7.48 (m, aromatic) 

’’P NMR (CDCl,)- 5 14.3 (t, P(OR)(Obiphen)); 17.6 (d, P(OR)(OR)) 

IR(neat) cm"': 2880(vs); 1493(m); 1232(vs); 1198(w); 1047(s) 

2.5 Synthesis of poly(2-[(4'-vinyl-biphenyIyl)oxy]-2, 4,4,6, 6-pentakis[2,3-bis(2-(2- 
methoxy ethoxy)ethoxy)propoxy)cyclotriphosphazene) (PPOMEE) 

The procedure for the preparation of PPOMEE is given below. 

2.5.1 Synthesis of 2-[(4'-vinyl-biphenyIyl)oxy]-2,4,4,6,6-pentakis[2,3-bis(2-(2- 
methoxy ethoxy)ethoxy)propoxy]cyclotriphosphazene (POMEE) 

2.5.1. 1 Preparation of 2,3-bis(2-(2-methoxy ethoxy)ethoxy)propanol (HOMEE) 

ttriMEE was prepared following the procedure reported by Allcock et al 
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ethylacetate as the eluent. Using thin-layer chromatography, fractions containing pure 
PMEE were identified and were evaporated under reduced pressure to yield pure PMEE 
'll NMR (CDCf) (S 3 .^1 4 21(m, 55H, -OCH,CH,-OCH,CH,-OCHO 

5 27 (d, IH, =CH,); 5.78 (d, IH, =CH,); 6.75 (dd, IH, -CH-), 

6 97 - 7 53(m, 8H, aromatic) 

'■P NMR (CDCl,) § 14 4 (t, P(OR)(Obiphen)), 17.6 (d, P(OR)(OR)) 

FAB-Mass (m/z) 926 (M”") 

2.4.2 Polymerization of PMEE 

A solution of the monomer (5.0g, 0.75mol/L) m 7.2mL of dichloroethane and 
AIBN (0 0453g, 2 4mmol/L) was bubbled with argon gas for thirty minutes and then 
heated at 70“ to 80 “C for 24 hours in dry argon atmosphere under constant stirring The 
reaction flask was then cooled and the solution was poured into large quantities of 
hexane. The polymer was thrown out in this process The polymer thus obtained was 
dissolved in a minimum amount of THE and again poured into large quantities of hexane 
This procedure was repeated several times until the hexane solution was colorless The 
pure polymer was obtained by completely removing the solvent under reduced pressure 
The polymer obtained was a highly viscous light yellow coloured liquid. 

'H NMR (CDCl,): 5 3.24 - 4.16 (m, -OCH 2 -), 7 24-7.48 (m, aromatic) 

'■P NMR (CDCl,): 5 14.3 (t, P(OR)(Obiphen)); 17.6 (d, P(OR)(OR)) 

IR(neat) cm''; 2880(vs); 1493(m); 1232(vs); 1198(w); 1047(s) 

2.5 Synthesis of poly(2-[(4'-vinyl-biphenylyl)oxy]-2, 4,4,6, 6-pentakis[2,3-bis(2-(2- 
methoxy ethoxy)ethoxy)propoxy)cyclotriphosphazene) (PPOMEE) 

The procedure for the preparation of PPOMEE is given below 

2.5.1 Synthesis of 2-[(4'-vinyl-biphenylyl)oxy]-2,4,4,6,6-pentakis[2,3-bis(2-(2- 
methoxy ethoxy)ethoxy)propoxy]cyclotriphosphazene (POMEE) 

2.5.1. 1 Preparation of 2,3-bis(2-(2-methoxy ethoxy)ethoxy)propanol (HOMEE) 

HOMEE was prepared following the procedure reported by Allcock, et al " 


34 



2.5.1.2 Preparation of 3-tert-butoxy-l, 2-propanediol (TBOH) 

i'-Butyl glycidyl ether (5.52g, 0.0424mol) was added dropwise to 99% fomiic acid 
(-■’ 9g, 0 084Smol) During the addition, the reaction mixture was stirred and the 
temperature maintained below 30 “C The mixture was stirred further for a period of 12 
hours at room temperature. A solution of sodium hydroxide (4.24g, 0 106mol) in 4 3 mL 
of water was added slowly with the temperature maintained below 40 °C The organic 
traction was separated and the aqueous phase was extracted several times with 
dichloromethane The combined organic fractions were dned with anhydrous MgSOj and 
evaporated to get an oily residue, which was distilled under vacuum to give pure TBOH 
as a colourless oil (54% yield, b p 55-60 "C/O-OIS tom) 

'H NMR (CDCl,): 6 2.91 - 3 61 (m, 7H); 1.21 (s, 9H, Me.-C-) 

IR(neat) env' 3391(s); 2974(vs); 2932(s), 1472(w); 1365(m); 1196(s), 1083(vs), 
883(w) 

2.5. 1.3 Preparation of 2-(2-methoxy ethoxy)ethyI /i-toluenesulphonate (MEETS) 

A slun-y of p-toluenesulphonyl chlonde (13.4g, 0.0703mol) and pyridine (14 2 
mL) was stimed in a three-necked argon-filled flask. The temperature of the reaction 
mixture was maintained below 5 °C. To this, 2 -( 2 -methoxy ethoxy)ethanol (8 44g, 
0 0703mol) was added slowly from an addition funnel After the addition was complete, 
the mixture was stimed for 15 minutes and then poured into ice-cold water (90mL) and 
washed with dichloromethane (90 mL). The organic layer was separated, washed with 
icc-cold 6 N HCl (3 X 160 mL), dried with anhydrous MgS 04 and reduced to a minimum 
volume by evaporation to yield MEETS as a colorless oil (61% yield) 

'H NMR (CDCI 3 ): 5 2.45 (s, 3H, -OCH 3 ); 3.35 (s, 3H, Ar-CHj), 3.47 - 

4 18 (m, 8 H); 7.34 (d, 2H, aromatic); 7.8 (d, 2H, aromatic) 

2.5. 1.4 Preparation of l-(tert-butyIoxy)-2,3-bis(2-(2-methoxy ethoxy)ethoxy propane 
(TBMEE) 

The sodium salt of TBOH was prepared first as follows To a solution of NaH 
(5 66 g, 0.236mol) in dry THE (50 mL), a solution of TBOH (7.0g, 0.0472mol) in lOOmL 
of dry THE was added dropwise for a period of thirty minutes and the resulting mixture 
was stirred until no hydrogen evolved from the reaction flask. This mixture was refluxed 
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and a solution of MEETS (25 9g, 0.0994mol) in 300 mL of dry THE was added dropwisc 
undei lefluxing conditions The reaction mixture was stirred, heated under reflux under 



/;-toluenesulphonyl 2-(2-methoxy MEETS 

chloride ethoxy )ethanoI 



an atmosphere of diy N 2 for 24 hours. The mixture was allowed to cool, filtered and the 
solvent was removed by evaporation under vacuum. The residue was dissolved in 
chlorofonn, washed with water, dried (MgSOJ and the solvent removed in vacuo to yield 
a brown liquid. This was subjected to column chromatography (silica gel, 100 - 200 
mesh) with hexane-ethyl acetate mixtures as the eluent and pure TBMEE was obtained as 
a colorless liquid (35% yield) after evaporation of the solvent 
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'H NMR (CDCIJ 5 1 21 (s, 9H), 2 91 - 3.61 (m, 27H) 


2 .5. 1.5 Preparation of HOMEE 

To a solution ot TBMEE (13.38g, 0 038mol) m dichloromethane (50mL), 
tetialluoioboiic acid (8 02mL) was added dropwise. The mixture was stirred at 
room temperature for 20 minutes. The acid was neutralized with excess solid potassium 
carbonate, the inorganic salts filtered off and the solvent was removed by rotary 
evaporation to give a pale yellow oil. The crude product was distilled under vacuum 
(~140'’C) to remove the remaining inorganic salts. The residue was subjected to column 
chiomatogiaphy (silica gel, 100 - 200 mesh) with ethylacetate-THF mixtures as the 
eluent The product, HOMEE, was obtained in the pure form as a colourless liquid (49% 
yield), after evaporation of the solvent. 

'H NMR (CDCl,); 5 3 21 - 3.79 (m, 27H) 

Mass spectrum' 297 (M*) 

The synthesis of HOMEE is represented in Scheme 2 
2.5.2 Preparation of POMEE 

To a solution of the sodium salt of HOMEE (prepared by adding a solution of 
HOMEE (2 38g, 0.008mol) m dry THE to a stirred suspension of NaH (0.192g, 
0 OOSmol) in THE and stirring the mixture continuously until reaction is complete), in dry 
THE, CPHVB (0.675g, 1 33mmol) in lOOmL of dry THE was added dropwise with 
continuous stirring. After the addition was over the reaction mixture was refluxed for 24 
hours in dry nitrogen atmosphere. The reaction mixture was then cooled to room 
temperature and the NaCl formed filtered off using a sintered funnel. The filtrate was 
subjected to rotaiy' evaporation to yield a yellow coloured oil. This oil was subjected to 
column chromatography (neutral alumina) with ethylacetate-THF and THF-methanol 
mixtures as eluents. Fractions containing pure POMEE were identified using thin layer 
chi'omatography and were evaporated under reduced pressure to yield pure POMEE as a 
light yellow oil. 

‘H NMR (CDCI 3 ): 5 3.25 - 3.86 (m, 135H); 5.2 (d, IH, -CH,-); 5.72 (d, 1H,CH,); 

6.67 (dd, IH, -CH=); 6.82 - 7.47 (m, 8 H, aromatic). 
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"P NMR (CDCl,). 6 14 2 (t, P(OR)(Obiphen)); 17.5 (d, P(OR)(OR)) 

FAB-Mass 1806 (M') 

2.5.3 Polymerization of POMEE 

A solution ot POMEE (1 07g, 0.593mol/L) in 2 mL of dichloroethane and AIBN 
(3 12\10 g, 1 9\10'mol/L) was bubbled with argon gas for thirty minutes and then 
heated at 70'’ to SO^C for 24 hours in dry argon atmosphere with continuous stirring The 
reaction flask was then cooled and the solution was poured in large quantities of hexane 
The polymer thrown out in this process was dissolved in a minimum amount of THF and 
again poured into large quantities of hexane This procedure was repeated several times 
until the hexane solution was colorless. The pure polymer, PPOMEE, was obtained by 
completely removing the solvent under reduced pressure The polymer obtained was a 
gel-likc colourless material 

'll NMR (CDCl,) <5 1 59 - 2.43 (m, 3H, -CH-CH,-), 3.23-4 14 (m, bioad, 

135Fi), 6.95 - 7 77 (m, broad, 8H, aromatic) 

’'P NMR (CDCl,) 5 13.8 (t, broad, P(OR)(Obiphen); 17.5 (d, P(OR)(OR)) 

2.6 Results and discussion 

2.6.1 Synthesis and Characterization of PPMEE 

The polymer, PPMEE was synthesized as shown in Scheme 3. The reaction 
involving the substitution of P-Cl bonds in CPHVB was done in N, atmosphere and m 
dry conditions. The polymer, PPMEE is a stable highly viscous liquid, soluble in a 
variety of organic solvents such as TFIF, dichloromethane, methanol, ethanol, etc ,. The 
monomer was characterized using 'H NMR, ^'P NMR and FAB-Mass spectroscopic 
techniques. The polymer was charactenzed using 'H NMR, '^‘P NMR and IR techniques 
The spectra of the monomer and the polymer are shown in Figures 2.1 to 2.6 
respectively The absence of the peaks at 5 = 5.27 (d, IH, ^CHj), 5.78 (d, IH, =CH 2 ) and 
6 75 (dd, IH, -CH=) due to the vinyl group (present in the monomer, PMEE) in the 'H 
NMR spectrum of PPMEE, confirms the formation of the polymer ’’P NMR spectrum of 
the monomer, PMEE shows the presence of oligoethyleneoxy side-chains on the 
cyclophosphazene ring as there is a shift in the peaks (5 14.41 (t, P(OR)(Obiphen)), 17 61 
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(d, P(OR)(OR))) when compared to the ^'P NMRof CPHVB (8 20.8 (d, P(Cl)(Obiphen)), 
10 62 (t, PCh). FAB-Mass of the monomer shows a molecular ion peak at 926 The IR 
sped, urn of PPMEE shows the -CH,- stretching of the polymer backbone by the band at 



CPHVB PMEE 


AiBN DCE, 

70° - 80°C 



2837.7cm'‘ The -C-O-C- stretching of the oligoethyleneoxy side-chains are observed at 
1 1 12cm'' The P=N stretching gives a band at 1232.9 cm"'. 
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2.6.2 Synthesis and Characterization of PPOMEE 

The synthesis of PPOMEE is shown in Scheme 4. This polymer is expected to act 
as a \ ery good host tor metal salts due to the large number of basic sites present. The 

I Scheme 4 I 
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70° - 80°C 



I PPOMEE I 

precursors, monomer and the polymer were characterized using NMR, NMR, IR, 

FAB-Mass and GC-MS methods. The diol precursor, TBOH was characterized using 

‘H NMR and IR studies. ‘H NMR of the precursor shows a singlet corresponding to the 

Me:;C- group and a multiplet, which is due to and etheroxy groups. To confiiTn the 

cleavage of the epoxide ring to form the diol, IR spectrum, shown in Figure 2.7, was 
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recoided The bioad -OH stretching band at 3391.4 cm"' confirms this. The toluene 
sulphonate pitcuisoi, MEETS was characterized using 'H NMR The spectrum shows 
two doublets due to aiomatic protons in addition to the multiplets due to etheroxy protons 
and singlets due to Ai-CH, and -OCHj groups. The reaction between p-tosylchloride and 
2-(2-metho\y ethoxy )ethanol is carried out under extremely dry conditions, since p- 
tosylchloride is highly hygroscopic and the presence of water inhibits the reaction. The 
reaction between MEETS and TBOH takes place with the elimination of sodium 
tosylsulphonate 'H NMR of the product, TBMEE shows that the tosyl group has been 
completely removed (absence ol the peaks due to aromatic protons). Employing a mild 
acid such as HBF^ brings about cleavage of the tert-butyl group in the next step, since the 
use of strong acids like tnfluoroacetic acid would result in the cleavage of other C-0 
bonds present in the compound In the 'H NMR of HOMEE the singlet due to Me,C- 
gioLip IS absent The GC-MS of HOMEE showed a molecular ion peak at 297 The 
reaction of the alcohol, HOMEE with CPHVB is carried out under dry N, atmosphere and 
dry reaction conditions The monomer, POMEE, foimed by the substitution of P-Cl 
bonds m CPHVB was characterized using 'H NMR, ^'P NMR and FAB-Mass. The shifts 
in the 5-values in the ’'P NMR of POMEE (5 13.8 (t, broad, P(OR)(Obiphen)); 17.5 (d, 
P(OR)(OR)) as compared to that of CPHVB prove the substitution of chlonnes by the 
branched oligoethyleneoxy side-chains in the cyclophosphazene rings The ’'P NMR of 
POMEE IS given in Figure 2.8 The proton NMR of POMEE, as in Figure 2.9, gave a 
very broad multiplet for the oligoethyleneoxy side-chains. Hence in a view to study this 
region further and assign the peaks specifically to the different t 3 rpes of -CHjO- and 
-OCH, groups 'H-'H 2D COSY NMR of POMEE was recorded. The basic COSY 
procedure gives a 2D spectrum from which almost all the ’H-'H connectivities can be 
detenmned The 'H NMR spectmm appears along the diagonal as contours representing 
peak intensities. The off-diagonal peaks are called ‘cross-peaks’. A honzontal line drawn 
from a cross-peak will intercept a contour on the diagonal with which the first diagonal 
contour is coinelated, that is coupled. The cross-peaks are found symmetrically on both 
sides of the diagonal. For convenience the denved 'H spectrum may be projected along 
one 01 both the axes. A line drawn perpendicular to a peak in the projected spectrum will 
intersect m the diagonal spectrum and indicate the appropriate contour even in an 
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overlapping region The 2D 'H-'H NMR spectrum of POMEE is shown in Figure 2.10 
Hcic except tor the connectivities of the vinyl and aromatic protons, the contours 
obtained toi the oligocthylenccxy protons were very much diffused Hence the 
assignment of the peaks conesponding to the different kinds of-OCH,CH,0- and -OCH, 
giOLips was not possible 'H NMR spectra at low temperatures (0, -20, -40 and -50 “C) 
weie also lecoidcd to establish the assignments. But the lower the temperature employed 
the peaks due to oligoethyleneoxy groups broadened more This may be due to the 
lestnction in the orientational freedom of the side-chain segments, which reduces the 
interaction between the spinning nuclei. A comparison of the 'H NMR spectra recorded at 
various temperatures is shown in Figure 2.11. Polymerization of POMEE was earned out 
in extremely dry conditions in the absence of oxygen. This process yielded a gel-hke 
material, which was characterized using 'H NMR and ^'P NMR The respective spectra 
aie show n in Figures 2.12 and 2.13 The absence of the resonances due to the vinyl gioup 
in the pioton NMR spectrum confirms the formation of the polymer. The invariance of 
the ’‘P NMR patterns m the monomer and the polymer proves the retention of the 
cyclophosphazene motif in the polymer. 


42 




Figure 2.1 'H NMR spectrum of PMEE 
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Figure 2.2 ‘H NMR spectrum of PPMEE 
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Figure 2.6 IR spectrum of PPMEE 
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Figure 2.7. DR spectrum of TBOH 
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Figure 2.8 ^'P NMR spectrum of POMEE 
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Figure 2.9 'H NMR spectrum of POMEE 
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Figure 2.10 2D 'H-'H COSY NMR spectrum of POMEE 
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Figure 2.12 'H NMR spectrum of PPOMEE 
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Figure 2.13 "P NMR spectrum of PPOMEE 
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Chapter 3 


Synthesis, Characterization and Ionic Conductivity studies of poly(2- 
[(4'-vinyl-4-biphenylyl)oxy]-2,4,4,6,6-pentakis[2-(2-methoxy 
ethoxy)ethoxy]cyclotriphosphazene):NaI complexes 

A polymer electrolyte can be prepared in general by two methods. One is 
the conventional salt-in-polymer method, where calculated quantities of a salt and the 
polymer are dissolved in a common solvent such as acetonitrile, methanol or THF 
lollow'cd by a slow removal of the solvent in vacuum. The other method is the polymer- 
in-sah method reported by Angell and coworkers^*, m which salts are mixed with small 
amounts of the polymer to afford rubbery materials with low glass transition temperature 
The advantage of the latter is that the polymer electrolytes show high electrochemical 
stability Although other methods such as intimate grinding or mechanical mixing m the 
solid state have been employed^’, by far the most common method used for the 
prepaiation of polymer electrolytes is the salt-in-polymer method. 

3.1 Materials used 

Sodium Iodide (Aldrich, USA), ethanol (S. D. fine, India), PPMEE (as 
synthesized) Sodium Iodide was dried m a vacuum oven at 50 °C before use. Ethanol 
was diied as reported in literature*'^ 

3.2 Measurements 

The polymer electrolytes prepared were characterized using X-Ray diffraction 
(XRD), infrared (IR) and impedance spectroscopy. The XRD patterns were recorded 
using Rich Siefert Iso-Debyeflex 200 2D counter diffractometer employing a filtered 
CuK-a radiation (X = 1 542 A) IR spectra were recorded on a Bruker Vector 200 series 
model FT- IR spectrophotometer. Electrical measurements were made using Hewlett 
Packard HP-4274A multi-frequency LCR meter. An indigenously configured 
MATLAB’^'*^ code was used to fit the impedance data. 
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F^ure 3.1 XRD patterns of PPMEExiNal complexes 
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Transnnittance 


changes ha\ e been obser\ ed The peak position corresponding to the C-O-C stretching 
(1112 enV' ) m the case of pure PPMEE, is shifted by about 20 - 35 cm'' m the polymer 
electiolytes to aiound '1080 cm suggesting that there is a weak interaction possibly 


1200 1100 1000 900 1200 1100 1000 900 



Figure 3. 2 IR spectra of PPMEE and its various complexes with Nal 

between the ether oxygen of the side-chains in the polymer and the alkali metal ion of 

the salt used for complexation. Thus, the compositions ofthe polymer -salt complexes 
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can also be expiesscd as O Na ratios. The prominent peak positions obtained for the 
\aiious salt complexes are listed in Table 3.1. 


Table. 3.1. C-O-C stretching frequencies for the PPMEExiNal complexes 


0:Na ratio 

C-O-C stretching frequency 

vc-o-c (cm ') 

0 (pure) 

1112 (s) 

4 

1091(m) 

5 

1075(m) 

■: 6 

1072(m) 

8 

1086(m) 

, 

1080(m) 


(sj - strong, (m) = medium in terms of intensity of the band 


3.4.3 Electrical measurements 

3.4.3. 1 Ionic conductivity studies on PPMEEx : Nal complexes 

\-anous compositions of PPMEEx ' Nal (x = 4, 5, 6, 8 & 10) were prepared by 
vaiN'ing the t) Na latios The dried samples supported by teflon rings were used for 
conducts it>' mcasuienients. Each sample was heated upto 60 “C and cooled to room 
tcmpeiatiiie so as to losolidify it from the melt and form a homogeneous composition 
inside the tellon ring The role of the teflon ring was to maintain a definite geometry (cell 
constant) of the electrolyte sample The measurements were carried out over a frequency 
range of 100 Hz to 100 kHz To avoid cell polarization, a.c impedance analysis was 
earned out using silver electrodes. A block diagram of the sample holder used is given in 
Figure 3.3 In view of the strong frequency dependent impedance of the sample, d.c 
conductivity of each composition between temperature range of 20 to 50 °C in steps of 2 
to 3 T was measured Measurements were taken both during the heating and the cooling 
cycle to check for the reproducibility and hysteresis effects if any. Figures 3.4 and 3.5 
show the representative complex impedance spectra of some metal-salt complexes at 
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Figure 3.3 Block diagram of the sample holder used in electrical 
measurements 
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Figure 3.4 Complex impedance spectra of PPMEEerNal complex at different 
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diffc.cnt lcmperatu.es From the complex impedance spectra, the d.c resistance, Ku. of 
llic samples at ditteient tempeiatures weie obtained and the conductivity computed 

accouiiiig to the equation, 

(3-1) 

\s heie / IS the thickness and A is the area of cross-section of the sample respectively The 
d c conducti\ it\ ol the puic polymer could not be determined using this technique due to 
the How mg natuie oi the polymer The object of the ionic conductivity studies is mainly 
to stud\ the \aiiation of conductivity with temperature and composition. 

Ionic conducti\ity versus composition studies: 

Figures 3.6 (a) and (b) show the log Odc vs. mole fraction of Nal and logOdc vs 
0 Na latio.s plots ioi the PPMEE^ . Nal complexes at five different temperatures The 
plot leveaLs that this system belongs to category II of the polymer electrolytes discussed 
m Chapter 1. As \se increase the concentration of the salt the O.Na ratio decreases as 
theie v\ill be more number of Na"^ ions present for the available 0 in the polymer. The 
conducti\it> inci eases initially as the salt concentration increases, attains a maximum at 
0 Na - 6 ( 3.42 x 10'*’ Q"' cm’’ at 47 “C) and then starts decreasing with further 
addition ol' the salt This behaviour can be explained as follows The conductivity is 
related to the numbci of charge carriers by the equation, 

a - X/; (/,//, (3.2) 

wheic II,. q, and //, aic the numbei of charge carriers per unit volume, the charge and the 
mobility of the chaige earners respectively. Hence the increase m conductivity in the 
initial stage when the salt concentration is increased may be due to the increase in the 
ntimber of charge earners The fall in the conductivity after attaining a maximum value at 
a particular concentration of the salt may possibly be because the salt acts as a weak 
cross-linker at higher concentrations raising the value of Tg. One then expects the 
conductivity to diop with furthei increase in concentration. 
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mole fraction of Nal 


''i”ure 3.6 (a) \'ariation of conductivity with composition for PPMEE^tNal 



0 / Na ratio 


Figure 3.6 (b) Variation of conductivity with 0:Na ratios for PPMEE,:NaI 




Ionic conductivity versus temperature studies: 

I he elect! ical conductivity versus temperature behaviour for the polymer-salt 

complexes ls geiieiall) cicseubed either by an AiThenius equation, 


wlieie ct; IS a coiistunt and £* is the activation energy recjuired for 
\'ogel-Tamman-Fulcher (V-T-F) equation, 


rr = ,t T 


:: i-Ejk 

exp 

U-r. 


lon-hopping, or by the 

(3 4) 


w heic is the appaient activation energy which is very different from E in Eq (3) To is 
a teinpciatiuc close to the ideal glass transition temperature and A' is a constant 
piopoitional to tlie caniei concentiation The value of To is obtained from the V-T-F plot 
Figure 3.7 shows the Aiihcnius plots of log Odc vs lOOO / T for the entire series of 
polN'inci salt coiiiplexcs picpaied m this work The plot indicates clearly that there is an 
incieasc in the conductiv ity with increase in the temperature. The maximum conductivity 
recorded is ibi the salt-complex with 0;Na = 6 (5 36 x 10''' Q"' cm"' at 51 “Q The 
actuation eneigics calculated from the Arrhenius plots for the various complexes are 
given in Table 3.2 The.se values of the energy barrier for ion transport are low compared 
to the lepoited v allies^ foi PHO-Nal complexes (£'~ 1 4 eV). The lower activation energy 
foi these coinplexe.s may he due to the completely amorphous nature of the samples A 
plot ol' the acliv ation eneigy values vs. composition is given in Figure 3.8. 

The log a;i, vs 1000 / T plots (Figure 3.7) show a slight curvature (non- 
Aiihenius behavioui ) due to the amorphous nature of the materials. Hence conductivity 
data vvcie also fitted to the V-T-F equation by plotting { \a[af^l A']}'' vs T (Figure 
3.9). Since the constant A' is proportional to the carrier concentration the mole fraction of 
the salt added is taken as A' in each case As evident from Figure 3.9, the V-T-F plots are 
quite lincai for all the complexes. These linear graphs also yield the values of To in 
addition to apparent activation energy, £„■, which are listed in Table 3.3 It is noted that 
the temperature r„ of Eq. 3 4, a temperature close to the glass transition temperature, Tg 
depends on the concentration of the salt in the complex Due to the non-availability of the 
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DSC instrument, uhich is used to measure T, values of T, could not be obtained and 
coinpaicd ith But the observed variation of may be correlated to the variation of 
conduet.v ,t> v ith composition (Figure 3.6 a & b) is maximum for the composition 
ith O Na I atio of 0. foi Inch conductivity is maximum and the variation is also similar 
xMth r meieasing uith salt concentration, attaining a maximum and then decreasing 
The appaient actuation energy values are also found to be dependent on the salt 
concentiation ( F igui e 3. 1 1) The complex with 0:Na = 6, which has high conductivity, 
has the low est \ alue of appaient activation energy, (0 07 eV) (Figure. 3.10). 
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Figure 3.7 The log CTtit vs. 1000 /T plot for various PPMEEx : Nal complexes. 
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Table 3. 2 •\cti\ation energy values obtained from Arrhenius plots (log a^c vs. 

1000 / 7 ) 


C'oniposition 

Activation energy, E 

(0 Na ratio) 

(eV) 

4 

0.57 

5 

0 56 

6 

0.55 

8 

0 57 

10 

0 58 



Figure 3. 8 Flut of Activutioi. energy values (obtained from Arrhenius plots) vs. 
0;Na ratios of various PPMEE. : Nal complexes 
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Table 3. 3 The best fit parameters obtained from V-T-F plots for PPMEEx : Nal 

complexes 


Composition 

(0:Na ratio) 

A' 

(Q-' cm'* K'^^) 

Apparent Activation energy 

Ea(eV) 

To 

(K) 

4 

0.80 

0 09 

232 4 

5 

0.76 

0 078 

234.6 

6 

0.73 

0 071 

240 2 

8 

0.67 

0.078 

234 8 

10 

0^2 1 

0 075 

237 4 



Figure 3.10 Variation of Apparent Activation energy with composition for 

PPMEEx:NaI complexes 





240 H 



Figure 3.11 Variation of To with composition for PPMEEx : Nal complexes 

3.4.3. 2 Electrical Relaxation Studies 

The studies on the frequency dependence of conductivity and the dielectric 
constant are useful in discriminating between the various ion transport mechanisms in 
polymer electrolytes^’ 

The complex admittance (7*) is the inverse of complex impedance and is related 
to the resistance (Rb) and the capacitance (Q,) of the sample (in parallel mode) by the 
relations, 


7* = — ^ = 7cos^ + jY smd 
Z* 


(3 5) 
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(3.6) 




Thus we have, 


— = Y cosB 


(3 7) 


and coC^, =Ysmd 


(3.8) 


The complex permittivity, £* is given by. 


Y * 

s* = s'- js" = 


(3.9) 


The real [s') and the imaginary {s") part of the complex permittivity, s* are given by. 


f'= 




Tsin^ 

coC^ 


(3.10) 


and 


1 _ ycos^ 
(oC^R^, (oC^ 


(3 11) 


where Co - SoA/d is the capacitance of the cell in vacuum without the sample So is the 
permittivity of vacuum and A and d are the area of cross-section and separation between 
the electrodes respectively. Thus from the measured impedance data, s' and s" can be 
calculated 


The frequency dependence of the impedance data can be clearly observed when 
the imaginary part of the complex impedance is plotted against log (o) /In) Such plots 
indicate the relaxation processes present that are responsible for conductivity, etc. Curves 
with a maximum at certain frequencies that are characteristic of the relaxation processes 
are obtained in the plot Figure 3.12 shows a representative plot of such type for 
PPMEEo'Nal at four different temperatures. The plot reveals that the maximum 
(relaxation frequency, tUmax) shifts to the higher frequencies as temperature increases 



^ymax values at different temperatures were also determined for other complexes in a 
similar manner. For any thermally activated process the relaxation frequency is given by 
the relation, 


CO 


max 


/ 

= ry, exp 

V 


E 

la j 


(3.12) 


where cOq is a constant (inverse of relaxation time, Tq) and E is the activation energy 
associated with the process A plot of log (uimax ! 27r) vs. 1/7 (Figure 3.13) yields the 



Figure 3. 12 Frequency dependence of the imaginary part of impedance for 
PPMEEeiNal complex 

activation energy values Table 3.4 lists the activation energy values and relaxation times 
obtained from the plot for various complexes prepared. These activation energy values 
are approximately equal to those obtained from the plot of log Odc vs. 1000 / 7. This 
indicates that the relaxation occurring at nimax is also responsible for the conduction 




process. The small discrepancy (±0.02 eV) in the two activation energy values (Table 
3.4) IS well within the experimental error The good agreement between the activation 
energies obtained o(T) and ^ymax(T) clearly suggest that a single thermally activated 
mechanism is responsible for both ionic conduction and dielectric relaxation. The values 
of the relaxation times (t = liil of the complexes prepared also vary in agreement 



Figure. 3. 13 Variation of the relaxation frequency with temperature 

with the composition behaviour indicating that PPMEE6 Nal has very low relaxation time 
when compared to other complexes. The relaxation times for the complexes at 44 °C are 
given in Table 3.4. 




Table 3. 4 Activation energy values obtained from log {cotnaJ 2;t) vs. lOOO/T plot. 


Composition 

(0 Na ratio) 

Activation energy for 

relaxation 

(eV) 

Activation energy for 

conduction 

(eV) 

Relaxation time, 

X at 44T 

(seconds) 

4 

0 58 

0 57 

0 98 

5 

0.59 

0 56 

0 23 

6 

0.57 

0.55 

0 21 

8 

0.59 

0 57 

0 30 

10 

0.60 

0 58 

0 37 


Dielectric Studies: 

As pointed out earlier, the same impedance data (Z, 6) can be used to calculate the 
dielectric constant as well (Eqs 3.10 - 11). All the polymer electrolytes studied showed 
similar type of variations of the dielectnc constant values with frequency and 
temperature. Figure 3. 14 shows the results of one polymer electrolyte (PPMEE6-NaI) 
studied in this work It is observed that the dielectric constant is strongly dependent on 
both the frequency and temperature. The high value of s' at relatively low frequencies 
may be attributed to interfacial polarization, which tends to ease out as frequency 
increases and hence decreases rapidly at higher frequencies. The presence of interfacial 
polarization can also account for the higher values of s' at higher temperatures and lower 
frequencies. Since the ionic conductivity or mobility is higher at higher temperatures, this 
would essentially lead to fast arrival of ions at the interfaces and thus more accumulation 
of charges at the interface 


T/l 





Figure 3 .14 Dielectric constant as a function of frequency for PPMEEerNal 
at five different temperatures 



Thus based on the observations and interpretations a qualitative picture of the ion 
transport in PPMEEx Nal is given below. 



The Na"^ ion moves from position I to position II when the energy supplied is 
equal to the activation energy of the hopping process in a time x, which is the relaxation 
time The hopping occurs due to the confonnational changes in the oxyethylene segments 
which occur during relaxation 



Chapter 4 


Conclusions and Future scope 


The lesulls obtained from the present study can be summaiized as follows 

The polymer PPMEE has been synthesized, characterized using various 
available techniques and the results reported. The polymer has been complexed with 
sodium iodide and several studies have been carried out on the complexes The electrical 
conductivity of the polymer-salt complex is found to increase with increasing 
temperature and the electrolytes show a better conductivity than the PEO analogues The 
Arrhenius activation energies obtained from the log Odcvs. 1000/J and log (uimax /27i) vs 
lOOO/T plots are m agreement indicating that the same mechanism is responsible for both 
ionic conduction and dielectric behaviour The activation energy required for the 
relaxation responsible for conduction is also lower than that for PEO based complexes 
The conductivity values obtained were also fitted with the V-T-F equation, since the 
Arrhenius plots showed a slight curvature. The V-T-F plots were found to be reasonably 
linear from which the apparent activation energy values calculated PPMEEe Nal 
complex, which showed the highest conductivity, was also found to have the lowest 
apparent activation energy XRD and IR studies prove complete complexation of the salt 
with the polymer The complexes prepared are completely amorphous which is a mam 
requirement for a polymer electrolyte to suit practical applications The polymer-salt 
complexes have very low dielectric constant values. All these characteristics make it a 
potential candidate for use m electrolytic applications. 

A new polymer with branched oxyethylene side-chains, PPOMEE has 
been prepared This polymer has been characterized using the various NMR techniques 



available. Low temperature NMR studies prove that the motions of the branched 
segments get restricted with the decrease of temperature Due to the diffused contours 
obtained in the COSY spectrum the peaks could not be assigned to each -CH2CH2O- 
group. However from the application point of view this polymer can act as a good host 
for metal salts due to the large number of basic sites present 

The new polymer, PPOMEE is a gel-like material Due to the presence of more 
number of basic sites, it can be complexed with more cations and hence can show highei 
conductivity Solid state batteries could be devised based on these systems and the battery 
chaiactenstics may be studied 
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